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Carbon nanomaterials have attracted significant attention in the biomedical field, including for biosensing,
drug delivery, and tissue engineering applications. Based on their inherent properties such as their unique
structure and high conductivity, carbon nanomaterials can overcome the current limitations in biomedical
research such as poor stability of biomolecules, low sensitivity and selectivity of biosensors, and difficulty in
precise drug delivery. In addition, recently, several novel nanomaterials have been integrated with carbon
nanomaterials to develop carbon-based nanocomposites for application in biomedical research. In this
review, we discuss recent studies on carbon-based nanocomposites and their biomedical applications.
First, we discuss the representative carbon nanomaterials and nanocomposites composed of carbon and

other novel nanomaterials. Next, applications of carbon nanomaterials and nanocomposites in the
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Accepted 19th February 2024 biomedical field are discussed according to topics in the biomedical field. We have discussed the recent
studies on biosensors, drug delivery, and tissue engineering. In conclusion, we believe that this review

DOI: 10.1039/d3ra08946k provides the potential and applicability of carbon nanomaterials and their nanocomposites and suggests
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future directions of the application of carbon-based nanocomposites in biomedical applications.

1. Introduction

In the field of biology, the research topics receiving the most
attention recently are biomedical applications including accu-
rate biosensing, drug delivery, and tissue engineering or
regeneration.™” Significant research is being conducted to ach-
ieve various goals, such as higher sensitivity and selectivity of
biosensors, precise delivery of drugs, and rapid and effective
recovery of damaged tissue from the perspective of tissue
engineering.’>* However, several obstacles exist in effectively
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achieving each research goal. For instance, achieving a high
accuracy and selectivity using biomolecule-based biosensors is
challenging because of the intrinsic limitations of biomolecules
including nucleic acids and enzymes. Furthermore, the precise
control of drug release rate and its localization is difficult to
achieve well. Accordingly, to address these obstacles, several
strategies and materials have been introduced into the
biomedical field.*®

Recently, several nanomaterials and nanotechnologies
have been introduced to overcome the limitations and
disadvantages of conventional techniques and conduct effi-
cient biomedical research.®* In particular, nanomaterials
have several advantages in terms of biomedical applications,
including a unique nanoscale structure such as nanoporosity,
a large surface area, superconductivity, and unique plas-
monic properties.”*> Among the various nanomaterials,
carbon has attracted considerable attention because of its
exorbitant and broad applicability; therefore, it has been
utilized in various fields from the development of battery
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electrodes to the piezoelectric field."*** Particularly, it has
huge potential in biomedical field. Therefore, carbon is
considered a promising material for the development of
sensors with high sensitivity/selectivity, effective drug
delivery and release control, and excellent tissue regenera-
tion. For example, research is being conducted on the devel-
opment of highly sensitive biosensors using excellent the
conductivity or quenching properties of carbon, the produc-
tion of carbon-based drug delivery platform, and the devel-
opment of implementable nanomaterials for tissue
regeneration based on carbon supports which exhibit excel-
lent biocompatibility.**** Moreover, in recent years, through
the development of carbon-based nanocomposites that
combine carbon and other functional nanomaterials, such as
transition metal dichalcogenide (TMD) and MXene, these
nanocomposites, which have superior properties compared to
carbon alone and can be used in the biomedical field, are
being studied.*®** It is expected that these efforts will
contribute to the effective utilization of carbon nanomaterials
into biomedical applications.

In this review, we discuss carbon nanomaterials, their inte-
gration with other nanomaterials, and their applications in
biomedical fields, with a selective overview of recent studies.
First, several carbon nanomaterials, such as carbon nanotubes
(CNTs), graphene, carbon dots (CDs), and carbon-based nano-
composites composed of other newly reported nanomaterials
are discussed. Next, based on specific topics in the biomedical
field that are currently being researched the most, recent liter-
ature on applications of carbon-based nanocomposites is dis-
cussed in the order of biosensors, drug delivery, and tissue
engineering (Fig. 1). We believe that this review will highlight
the superiority and potential of carbon nanomaterials and
suggest the future direction of carbon-based nanocomposites
and their application in new biomedical fields.
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Fig. 1 Carbon-based nanocomposites for biomedical application.

2. Carbon-based nanocomposites

Carbon nanomaterials are one of the most attractive nano-
materials that are composed of carbon atoms and have a unique
nanoscale structure. Carbon nanomaterials exhibit superior
electrical, mechanical, and optical properties because of their
unique geometry and arrangement.”* Specifically, carbon
nanomaterials including CNTs, graphene, graphene oxide (GO),
and CDs have been widely researched for biological applica-
tions because of the electrical conductivity, biocompatibility,
and optical properties.”” For example, CDs are carbon nano-
particles less than 10 nm in size that have excellent photo-
luminescence properties and biocompatibility, low toxicity,
and, most notably, exhibit a quenching effect, which allows
them to emit their own fluorescent signal, making them an
attractive candidate for bioimaging and drug delivery applica-
tions.”® The two main approaches to CD synthesis are top-down
and bottom-up.** Top-down methods involve the cutting and
exfoliation of carbon sources such as graphite. Various methods
are used in top-down approaches such as oxidative cleavage,
hydrothermal/melting  heat  synthesis, electrochemical
synthesis, and microwave and ultrasonic-assisted methods.
Bottom-up methods include pyrolyzing small organic mole-
cules, such as glucose, and can be mixed with other molecules
that provide heteroatomic doping atoms.

One of the most commonly used carbon nanomaterials in
the biomedical field is CNTs. Methods for synthesizing CNTs
include chemical vapor deposition (CVD), arc discharge, and
laser ablation.”® Of these, CVD, which involves the decomposi-
tion of hydrocarbon gases such as methane or ethylene at high
temperatures in the presence of a metal catalyst (e.g., iron,
nickel), is the most commonly used. CNTs are categorized into
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single-walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs) based on their structure.
SWCNTs are composed of a single layer of graphene rolled into
a cylindrical tube (Fig. 2a).2° The diameter typically ranges from
0.4 to 3 nm, and their length can be several micrometers. They
exhibit remarkable electrical conductivity and can be either
metallic or semiconducting depending on the rolling angle
(chirality) of the graphene sheet. They also have extraordinary
tensile strength and thermal conductivity. Because of these
properties, SWCNTs have been explored for application in
nanoelectronics and field-effect transistors (FETs) and as fillers
in composite materials. In contrast, MWCNTs consist of
multiple layers of graphene sheets rolled into concentric cylin-
ders and have diameters ranging from 2 to 100 nm.”” Their
properties are similar to those of SWCNTs, such as high
mechanical strength and electrical conductivity, but they typi-
cally have lower electrical and thermal conductivities compared
to SWCNTs due to interlayer electron scattering. MWCNTSs are
used in various applications, including energy storage, biosen-
sors, and reinforced nanocomposite materials. Graphene is also
widely used in biomedical applications. Graphene is a single
layer of carbon atoms arranged in a two-dimensional honey-
comb lattice.

Graphene is known for its exceptional strength, flexibility,
electrical and thermal conductivity, and large surface area.”®
Graphene is also transparent and impermeable to most gases
and liquids. These properties make graphene suitable for use in
bioelectronic devices, supercapacitors, and as a reinforcing
agent in nanocomposite materials (Fig. 2b). A variety of
synthesis techniques are used to synthesize graphene,
including epitaxial growth, liquid phase exfoliation, electro-
chemical exfoliation, mechanical exfoliation, and CVD.* In
CVD, the hot iridium surface is exposed to ethylene. The
ethylene thermally decomposes on the surface, and the carbon
forms a graphene monolayer by adsorbing on the surface. In
graphene oxide (GO), graphene is chemically modified with
oxygen-containing groups such as hydroxyl, epoxide, and
carboxyl groups.*® These functional groups make GO hydro-
philic and dispersible in aqueous solutions, although they
disrupt the sp® bonding network, diminishing its electrical
conductivity compared to pristine graphene. GO is used for
water purification, in drug delivery, and as a precursor for
preparing other graphene-based materials. The Hummers'
method is the most common method to synthesize GO.** It
involves treating graphite powder with a strong oxidizing agent,
such as potassium permanganate or sulfuric acid. This process
introduces oxygen-containing groups into the graphite struc-
ture, making it hydrophilic and capable of exfoliating. Similarly,
reduced graphene oxide (rGO) is derived from GO, in which
oxygen-containing functional groups are partially removed
through chemical, thermal, or other reduction methods.** For
example, chemical reduction method involves treating GO with
reducing agents like hydrazine, sodium borohydride, or ascor-
bic acid to remove oxygen-containing groups and restore the
graphene structure.®® The reduction process restores the sp>
carbon network, improving its electrical conductivity compared
to the GO while maintaining some functional groups that aid in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Representative carbon nanomaterials and carbon-based nanocomposites. (a) Schematic diagram of SWCNT and MWCNT and the various
forms of SWCNTSs. Reproduced from ref. 26 with permission under the terms of the CC-BY Creative Commons attribution 4.0. (b) Scheme of
chemical structures of graphene, graphene oxide, and reduced graphene oxide and their synthetic processes. Reproduced from ref. 28 with
permission under the terms of the CC-BY Creative Commons attribution 4.0. (c) Schematic illustration of metal oxide nanosheet@CNT
nanocomposites. Reproduced from ref. 30 with permission under the terms of the CC-BY Creative Commons attribution 4.0, and (d) schematic
diagram of a structure of MXene-rGO film. Reproduced from ref. 32 with permission under the terms of the CC-BY Creative Commons attri-

bution 4.0.

solubility and processability. rGO is used in applications in
which a conductive material is required, such as in energy
storage, biosensors, and nanocomposites. Each of these carbon
nanomaterials possesses a unique set of properties that make
them suitable for specific applications, from bioelectronics and
energy storage to biomedical applications and biosensors. The
material choice often depends on the required balance between
conductivity, mechanical strength, surface chemistry, and
biocompatibility for the intended application.

As shown, carbon nanomaterials are available in various
structures and have related properties, making them easy to
apply in biomedical applications. In addition, with the recent
significant advances in the field of materials, carbon-based
nanocomposites, which introduce other kinds of nano-
materials, have attracted considerable attention because of
their wide range of application potential.** In particular, carbon
nanomaterials can be easily integrated with various nano-
materials due to the versatility of modifying their structure and
adding surface functional groups.* Integration of these addi-
tional nanomaterials to carbon nanomaterials can not only
compensate for the weaknesses of carbon nanomaterials but
also maximize their intrinsic strengths and impart new prop-
erties. Studies have been conducted on the introduction of
various types of nanomaterials, including metals. Several metal
nanomaterials such as gold, silver, and iron oxide nanoparticles
can be combined with carbon nanomaterials to enhance

© 2024 The Author(s). Published by the Royal Society of Chemistry

imaging and targeting capabilities.*® For example, gold nano-
particles can support imaging and photothermal therapy, and
iron oxide nanoparticles can add magnetic properties useful for
magnetic resonance imaging (MRI) and drug targeting
(Fig. 2c).** These modifications improve imaging capabilities
and exhibit additional therapeutic functions.*” They also
improve the targeting ability of nanocomposites. Polymers such
as polyacrylonitrile and polyvinyl alcohol (PVA) are often used to
coat carbon nanomaterials.*®

These coatings provide a biocompatible barrier around
carbon nanomaterials, reducing their potential toxicity and
improving biocompatibility. The rate of drug release from
nanocomposites can also be precisely controlled by adjusting
the mechanical properties of the polymer.** Among polymers,
hydrogels are the most commonly used.* Hydrogels are
hydrophilic polymer networks that can hold large amounts of
water and can mimic the properties of the extracellular matrix.
When a nanocomposite is introduced into a cell or tissue, it can
be coated with a hydrogel to induce the desired effect while
maintaining the function of the tissue.*" In addition, silica
dioxide (SiO,) can be used to coat carbon nanomaterials.* Silica
coating can improve the structural integrity of carbon nano-
materials, reduce toxicity, and provide a platform for further
functionalization with therapeutic agents. By incoporating
transition metal dichalcogenides (TMDs) or MXenes into
carbon nanomaterials, hybrid nanocomposites with enhanced

RSC Adv, 2024, 14, 7142-7156 | 7145
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properties and functionalities can be developed.**** TMDs such
as MoS,, WS,, and MXenes (a family of 2D inorganic
compounds, composed of atomically thin layers of transition
metal carbides, nitrides, or carbonitrides) are known for their
unique electronic, optical, and catalytic properties.” When
combined with carbon nanomaterials such as graphene or
carbon nanotubes, the resulting composites exhibit synergistic
properties that are beneficial for various biomedical applica-
tions (Fig. 2d).** Specifically, because TMDs and MXene have
excellent electrical conductivity, hybrid nanocomposites can be
excellent candidates for biosensors, offering high sensitivity
and selectivity for detecting biomolecules.* In addition, pho-
tothermal and photocatalytic properties of TMDs and MXene
enable various applications.?” Because of these properties, the
nanomaterials can be applied to drug delivery, photothermal
therapy, and medical imaging. In the following chapter, various
types of carbon-based nanocomposites with their applications
in the biomedical field including biosensors, drug delivery, and
tissue engineering will be discussed (Table 1).

3. Development of biosensors by
carbon-based nanocomposites

Among the various biomedical fields in which carbon nano-
materials can be used, carbon nanomaterials are attracting
attention as a core component for biosensor development.
Based on their unique properties, carbon nanomaterials can

View Article Online

Review

improve the sensing ability of biosensors and are being utilized
to develop highly sensitive and selective biosensors capable of
detecting important or harmful target molecules precisely.
Particularly, because of their unique properties, they can be
directly applied to develop electrochemical and fluorescent
biosensors, which are the most actively researched among
numerous types of biosensors including lateral flow assay (LFA),
colorimetric, and surface-enhanced Raman spectroscopic
(SERS) biosensors.*®** Carbon nanomaterials can amplify the
electrochemical or fluorescent signals generated from target
detection by biosensors or it can block the fluorescent signals
because of their quenching properties. In addition, some
carbon nanomaterials can emit fluorescent signals themselves.
In this section, recent studies focussing on carbon-based
nanocomposite-based electrochemical and fluorescent biosen-
sors are discussed.

Among the various techniques used for the development of
biosensors such as SERS, LFA, optical, and piezoelectric tech-
niques, an electrochemical technique has considerable poten-
tial to be used in point-of-care testing (POCT) applications
because of its advantages such as fast response and sophisti-
cated and easy diagnosis. Therefore, it is widely used in
biosensor development.

Furthermore, the COVID-19 pandemic has led to consider-
able research being conducted on the development of POCT
biosensors, with electrochemical biosensors attracting signifi-
cant attention.* During the operation of electrochemical
biosensors, changes in electrochemical signals caused by the

Table 1 Properties of carbon nanomaterials and carbon-based nanocomposites

Nanomaterials Properties Ref.
Carbon nanomaterials Carbon dot - Excellent photoluminescence 23

properties, biocompatibility, low
toxicity, and, quenching effect

SWCNT - Remarkable electrical conductivity 26

MWCNT - High mechanical strength and 27
electrical conductivity

Graphene - Exceptional strength, flexibility, 28
electrical and thermal conductivity,
and large surface area

Graphene oxide - Hydrophilic and dispersible in 30
aqueous solutions

Reduced graphene oxide - Improved electrical conductivity 32

Carbon-based nanocomposites Metal/carbon nanomaterials

Polymer/carbon nanomaterials

Silica/carbon nanomaterials

TMD-MXene/carbon nanomaterials

7146 | RSC Adv, 2024, 14, 7142-7156

compared to GO while maintaining

some functional groups

- Supporting imaging and 36
photothermal properties, and

magnetic properties

- Providing a biocompatible barrier, 39
reducing potential toxicity, and

improving biocompatibility

- Improving the structural integrity 42
of carbon nanomaterials, reducing

toxicity, and providing a platform

for further functionalization

- Unique electronic, optical, and 46
catalytic properties, with

photothermal and photocatalytic

properties

© 2024 The Author(s). Published by the Royal Society of Chemistry
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interaction between targets and probes of biosensors enable the
quantitative and qualitative detection of targets. Here, the
excellent conductive property of carbon nanomaterials can
contribute to the development of highly conductive electrodes
for biosensors, thereby allowing the biosensor to detect even the
smallest changes in electrochemical signals. Therefore, carbon
nanomaterials have garnered considerable attention in the
development of electrodes for electrochemical biosensors.* In
one study, carboxylated SWCNTs were introduced on carbon-
based screen-printed electrodes (SPEs) to develop an electro-
chemical biosensor for the detection of point-of-care antibodies
(Anti-S protein) against SARS-CoV-2 (Fig. 3a).”* Here, after the
introduction of SWCNT on the SPEs, p-phenylenediamine was
modified to make the amine groups for SARS-CoV-2 Spike
protein immobilization capable of capturing SARS-CoV-2 anti-
bodies. Because of the highly conductive electrode composed of
SWCNTs, the developed biosensor based on electrochemical
impedance spectroscopy (EIS) exhibited a sensitive limit of
detection of 0.7 pg mL~" with a wide linear response ranging
from 1.0 pg mL™" to 10 ng mL ™. It successfully detected SARS-
CoV-2 antibodies in human positive sera at a detection level of
2.3 pg mL~. In another study, conductive hydrogel-based
electrochemical biosensors composed of polypyrrole and
sulfonated multi-walled CNT (MWCNT) were developed to
detect dopamine released from PC12 cells.”® By introducing
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conductive CNT to hydrogel, the developed conductive hydrogel
exhibited a high conductivity and biocompatibility. In addition
to CNT, graphene is also used to develop electrochemical
biosensors. Moreover, size control of graphene is relatively easy;
therefore, it can be integrated with other functional nano-
materials. For instance, the graphene sponge (GS) was
combined with glucose oxidase (GOx) and chitosan (CTS) to
develop a flexible enzymatic electrochemical glucose biosensor
(Fig. 3b).>* The sponge structure of graphene has attracted
attention in the biomedical field due to its properties including
large surface area and loading capacity, high conductivity,
biocompatibility, and mechanical strength. After producing GS
from the pure graphene using a hydrothermal method, GOx and
CTS were loaded onto the porous structure of the GS. The GS
structure could absorb, disperse, and protect the loaded GOx
well. The prepared GS-based complex was then prepared on the
flexible polyimide electrode and used for the detection of
glucose. The developed flexible biosensor exhibited excellent
bending properties and detected glucose in human sweat with
a low detection sensitivity of 2.45 uM through amperometric
sensing; this result was more sensitive than that of biosensors
prepared using CNT. In the other studies, to address the
conductivity issue of GO, conductive metal nanoparticles were
introduced to reduced GO (rGO) or the nanoribbon structure of
the GO and used for the detection of miRNA-21 and Human
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Fig. 3 Electrochemical and fluorescent biosensors based on carbon-based nanocomposites. (a) Schematic diagram of an electrochemical
SARS-CoV-2 antibody biosensor by using SPE with SWCNT. Reproduced from ref. 52 with permission from Elsevier, copyright 2022, (b) scheme
of flexible electrochemical glucose biosensor composed of GOx, CTS, and GS. Reproduced from ref. 54 with permission from Elsevier, copyright
2022, (c) schematic illustration of RPA-mediated fluorescent biosensor composed of the GO and FAM-labeled primers for detection of RNAI
transgenic plants. Reproduced from ref. 64 with permission from Elsevier, copyright 2021, and (d) schematic diagram of a fluorescent biosensor
composed of AChE, CD and GO for detection of organophosphate pesticide. Reproduced from ref. 68 with permission under the terms of the

CC-BY Creative Commons attribution 4.0.

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2024, 14, 7142-7156 | 7147


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08946k

Open Access Article. Published on 28 de febrer 2024. Downloaded on 2/2/2026 23:31:09.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

papillomavirus-16 (HPV-16) in an electrochemical manner.***®
In addition, to maximize the conductivity of the rGO, a nano-
composite was developed by combining rGO and molybdenum
disulfide (MoS,) nanoparticles, a TMD nanomaterial and was
used to develop an electrochemical biosensor.>” In this study,
a carbon-based nanocomposite composed of rGO and MoS,
nanoparticles was further combined with a conductive polymer
[poly(3,4-ethoxylenedioxythiophene), PEDOT] to develop an
electrochemical parathyroid hormone biosensor. In addition to
several viruses and glucose, important nucleic acids including
miRNAs which are required to be monitored have been detected
using biosensors for broadening the application areas of
carbon-based nanocomposites.*®*® For example, the carbon-
based nanocomposite composed of gold and rGO was
employed as an electrode for detection of miRNA-122 in an
electrochemical manner.* In the other study, a probe DNA was
modified on the gold-decorated laser-induced graphene elec-
trode for detection of miRNA-141 using differential pulse vol-
tammetry (DPV) technique.® Besides, these recent studies for
development of electrochemical biosensors based on carbon-
based nanocomposites have been applied for patent registra-
tion such as SWCNT-based microscale biosensor (European
patent registration number: 03030891) and hormone moni-
toring biosensor composed of carbon-based SPEs (US patent
registration number: 11801000). In commercial market field,
still, most products and companies including Abbott and SD
BIOSENSOR hugely focus on the monitoring of glucose level
which is important to maintain the human health. Although
most of commercialized electrochemical biosensors focus on
detection of glucose level based on non-carbon materials
(Gold), several efforts are being conducted to achieve the
commercialization of carbon nanomaterials or carbon-based
nanocomposite assisted electrochemical biosensors such as
laser-induced graphene based wearable electrochemical
glucose biosensor.®* As seen in this study, recently, several
newly reported nanomaterials are being combined with carbon
nanomaterials to improve the conductivity and facilitate elec-
tron transfer reactions. For example, MXene and nickel oxide
were incorporated with rGO and used as an electrode of an
electrochemical biosensor for the detection of influenza viruses
(H1N1 and H5N2) and viral surface protein hemagglutinin.®
In addition to electrochemical biosensors, the fluorescent
technique has also attracted attention to develop biosensors
using the unique fluorescence properties of carbon nano-
materials. Because of the ease of verification of biosensing and
its capability for multiplexed detection, fluorescent biosensors
have been studied in detail. In the operation of fluorescent
biosensors, carbon nanomaterials are used to realize the
appearance and disappearance of fluorescence signals of the
fluorescent probe of biosensor through diagnosis of target
molecules. The first characteristic of carbon nanomaterials that
can be used in the development of fluorescent biosensors is
their quenching property. When fluorescent molecules are
located on the surface of carbon nanomaterials, the emission of
fluorescence signals is blocked by the quenching property of
carbon nanomaterials. However, through the detection of target
molecules, if the fluorescent molecules are released from the
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carbon nanomaterials, their fluorescence signals are recovered.
Based on this biosensing mechanism, several fluorescent
biosensors have been reported. For instance, recombinase
polymerase amplification (RPA)-mediated fluorescent biosen-
sors have been developed using the quenching property of GO
and FAM-labelled primers capable of detecting RNA interfer-
ence (RNAi) transgenic plants.* In this fluorescent biosensor,
GO was introduced to achieve two goals. The first goal was to
improve the RPA efficiency by absorption of molecules on the
GO to induce local aggregation because of its unique blanket-
like structure. The second goal was to block fluorescent
signals from FAM-labelled primers in the absence of target
sequences. As shown in Fig. 3c, in the absence of target DNA
sequences, this biosensor did not emit fluorescent signals;
however, in the presence of targets, fluorescent signals from
FAM were recovered due to binding with the targets and release
from GO. Furthermore, due to the enhanced RPA efficiency by
the GO, highly sensitive detection could be achieved. These
results indicate that this biosensor could perform on-site
detection of RNAi soybeans with high sensitivity and a detec-
tion limit of 1.5 ng genomic DNA in a rapid manner (within 20
min). In another study, a GO-assisted fluorescent biosensor was
developed with the sulf-1 aptamer to detect sulfameter, the
reason for drug resistance, allergic, or toxic reactions, in milk
using the quenching property of GO.*

In addition to the quenching property of carbon nano-
materials, some carbon nanomaterials have their own fluores-
cent signal emission properties that can be used for developing
fluorescent biosensors. For example, CDs, also known as carbon
quantum dots, are carbon nanoparticles with a size of 10 nm or
less that can emit their own fluorescent signals. Furthermore,
fluorescence emission wavelengths of the CD can be varied
depending on its size.®® Using this unique fluorescence property
of CDs, various fluorescent biosensors have been developed. In
one study, CD was used to evaluate UV-induced DNA damage
through changes in the fluorescent signals of the CD due to
quenching by the formation of a CD- and UV-damaged DNA
complex.®” In another study, by combining two fluorescence
properties of carbon nanomaterials mentioned here, a fluores-
cent biosensor composed of acetylcholinesterase (AChE), fluo-
rescent signal emitting CD, and GO capable of quenching was
developed to detect organophosphate pesticides (Fig. 3d).*® To
develop this biosensor, first, AChE and CD were conjugated
using EDC-NHS binding between amine groups of AChE and
carboxyl groups of the CD, and then the prepared conjugates
were attached on the GO. In the absence of pesticide, the fluo-
rescent signals of CD are quenched by the GO, but they can be
recovered in the presence of pesticide due to the release of the
CD from GO. Therefore, by measuring the fluorescence recovery
of the CD, quantitative analysis of pesticides can be successfully
performed with a detection limit of 0.14 ppb for the detection of
chlorpyrifos, which is an organophosphate pesticide. Besides,
several studies have been applied for patent registration to
preoccupy the techniques recently such as SWCNT-based fluo-
rescent steroid hormone biosensor (US patent registration
number: 11698372) and degradable CNT-based biosensor for
clinical markers detection related to bone or tissue (US patent
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registration number: 10881332). In addition, recently, research
on the conjugation of carbon nanomaterials and the other
newly developed functional nanomaterials is being conducted
which will contribute to the development of ultrasensitive
biosensors for POCT applications. As discussed in this section,
carbon nanomaterials are being used to develop biosensors
both on their own and in combination by fusion with other
nanomaterials. Such theranostic research is expected to achieve
both diagnosis and treatment in the future.

4. Development of drug delivery
system by carbon-based
nanocomposites

Nanomaterial-based drug delivery is a cutting-edge approach in
the field of medicine that utilizes nanoscale materials to
transport therapeutic agents directly to the targeted cells or
tissues.®® This research field aims to improve the efficacy and
safety of treatments, particularly for diseases such as cancer in
which traditional methods can have significant side effects.”
Nanocarriers for drug delivery are designed to have specific
properties such as size, shape, surface charge, and
hydrophobicity/hydrophilicity, which are critical for their
function.” Drugs can be loaded on the nanocarriers by physical
encapsulation, adsorption on the surface, or chemical conju-
gation.”” Furthermore, the surface of nanocarriers is often
modified with targeting ligands, such as antibodies, peptides,
or small molecules, that can specifically bind to receptors or
antigens expressed on the target cells.”” This modification
enhances the ability of the nanocarriers to selectively accumu-
late in the target tissue. When they reach the target site, such as
a tumor, nanocarriers can release their drugs. The release
mechanisms can be passive or active (triggered by pH,
temperature, enzymes, or other stimuli present in the target
environment).” In particular, carbon-based nanocomposites
offer numerous advantages for maximizing the effectiveness of
drug delivery.” For example, targeted delivery by the carbon-
based nanocomposites leads to higher concentrations of the
drug at the disease site, potentially increasing the therapeutic
efficacy.”® In addition, carbon-based nanocomposites can be
designed to release their drugs over a sustained period, offering
prolonged therapeutic effects and reducing the need for
frequent dosing.” Some carbon-based nanocomposites have
been designed for diagnostic purposes in addition to drug
delivery, enabling simultaneous treatment and disease
monitoring.”®

Graphitic carbon nitride with a 2D nanosheet structure has
significant potential to be used as a functional component of
nanocarriers because of its excellent properties including high
thermal and chemical stability, good biocompatibility, and high
body tissue permeability. In particular, the large surface area of
the graphitic carbon nitride allows it to be used for efficient
drug encapsulation. As an example of taking advantage of these
beneficial properties of graphitic carbon nitride, in one study,
a pH-sensitive nanocarrier composed of chitosan, agarose,
graphitic carbon nitride, and curcumin was developed to deliver
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curcumin to breast cancer cells (Fig. 4a).” The nanocarrier was
fabricated by the water-in-oil-in-water emulsification method
using curcumin entrapped in a chitosan/agarose/graphitic
carbon nitride hydrogel. Nanocarriers only comprising chito-
san and agarose, without graphitic carbon nitride as a control,
were prepared and analysed for drug delivery capability. The
introduction of graphitic carbon nitride increased the entrap-
ment efficiency from 83% to 94% and the loading efficiency
from 42% to 54%, overcoming the low solubility and bioavail-
ability issues that have been a challenge in utilizing curcumin
for drug delivery. Furthermore, the developed nanocarriers
released more curcumin than the control in an acidic medium
(Tumor cell environment) because of the pH-sensitive nature of
graphitic carbon nitride, resulting in a 77.8% cell death rate of
breast cancer cells (MCF-7).

One of the most commonly used factors for delivering drugs
to these target cells or tissues is the pH. This is an important
property for maintaining the physiological function of cells and
tissues. It is also easy to utilize for drug delivery because
different organs in the body have different pH values. The pH is
also altered by diseases such as cancer. A similar study exploited
this characteristic. A carbon dot-gelatin nanocomposite hydro-
gel was developed through simple solvent-casting methods for
simultaneous intestinal drug delivery and near-neutral pH
sensing (Fig. 4b).*® Here, the carbon dot played a dual role as
both a crosslinker and a chromophore, avoiding the use of toxic
crosslinkers. With the introduction of carbon dots into gelatin,
the disadvantages of using gelatin as a carrier such as fast
dissolution in the water medium, weak mechanical strength,
and dimensional stability of neat gelatin could be overcome. In
addition, carbon dots have size-dependent photoluminescence
properties, offering a unique excitation-dependent emission.
The developed nanocomposite hydrogel showed excellent pH-
dependent behavior in terms of the photoluminescence and
drug delivery. The nanocomposite hydrogel swelled less at low
pH and swelled more at high pH, releasing the entrapping
drugs. Furthermore, its ability to receive light at 350 nm and
emit light at 431 nm allowed near-neutral pH sensing. Cefa-
droxil, an antimicrobial agent, was loaded onto the developed
nanocomposite hydrogel and the in vitro drug release was
analyzed under gastric pH (1.2) and intestinal pH (7.4). Over 24
hours of analysis, modest and continuous release of cefadroxil
was observed at pH 7.4 compared to that under an acidic
medium (pH 1.2), resulting in up to 77% inhibition of bacterial
growth. Furthermore, the cefadroxil release profiles also
showed that the rate of drug release can be controlled as desired
by adjusting the pH of the release medium and the CD cross-
linking ratio. Furthermore, cell viability assays revealed that
all nanocomposite hydrogel samples, including the cefadroxil-
loaded nanocomposite hydrogel, exhibited acceptable cyto-
compatibility and non-toxicity due to the excellent biocompat-
ibility of CDs. In addition, several studies have been patented
including a carbon dots for diagnostic analysis and drug
delivery (WIPO (PCT) application number: PCT/US2017/016743)
and preparation method of carbon dot drug-loading system (CN
application number: CN201810640613.XA).
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Fig.4 Mechanism of drug delivery based on carbon-based nanocomposites. (a) Schematic diagram of a pH-sensitive nanocarrier composed of
chitosan, agarose, graphitic carbon nitride, and curcumin. Reproduced from ref. 79 with permission from Elsevier, copyright 2022, (b) scheme of
carbon dot-gelatin nanocomposite hydrogel for delivery of cefadroxil. Reproduced from ref. 80 with permission from American Chemical
Society, copyright 2020, (c) schematic illustration of programmable drug delivery system based on silica nanoparticle/CNT-DNA nano-
composites. Reproduced from ref. 81 with permission under the terms of the CC-BY Creative Commons attribution 4.0, and (d) schematic
diagram of a mesoporous silica (MS)-modified CNT nano-platform. Reproduced from ref. 82 with permission from Elsevier, copyright 2020.

In another study, a programmable drug delivery system
based on silica nanoparticle/CNT-DNA nanocomposites was
developed (Fig. 4c).** These nanocomposites were synthesized
in a highly modular manner from DNA-functionalized CNT and
silica nanoparticles via enzymatic rolling circle amplification.
The ability of the developed silica nanoparticle/CNT-DNA
nanocomposites to recognize target biomolecules was ach-
ieved through DNA sequence design. Specifically, this was
implemented by incorporating GC/CG-rich stem loops for effi-
cient loading of intercalating drugs and aptamer motifs for
selective binding of cell surface receptors. This was possible
because CNTs exhibit characteristics such as a large surface
area, physical and chemical stability, and ease of surface
modification. Furthermore, the utilization of GC/CG-rich stem
loops with CNT increased the stability of the drug-loading
capacity. In aqueous solutions with various conditions (PBS,
acetate buffer, and cell culture medium), the silica
nanoparticle/CNT-DNA nanocomposites still contained more
than 80% of the drug even after 24 hours. Furthermore, doxo-
rubicin, an anthracycline drug, was conjugated with a fluores-
cent tag, Cy5, to trace drug delivery to the cells. The silica
nanoparticle/CNT-DNA nanocomposites loaded with doxoru-
bicin were used to target HeLa cancer cells to demonstrate the
utility of this approach. By simultaneously analyzing the fluo-
rescence signal from doxorubicin itself and the signal from Cys5,
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the authors confirmed that doxorubicin penetrated the nucleus
of HeLa cells and effectively induced their death.

Similar to this study, other studies have reported CNT-based
nanocomposites for drug delivery as well as phototherapy. CNTs
exhibit a strong absorbance in the near infrared (NIR) region (in
the range of 750 nm to 1400 nm) and can convert NIR light to
localized heat. Taking advantage of these properties, a meso-
porous silica (MS)-modified CNT nano-platform was designed
in one study (Fig. 4d).*> MS-modified CNTs were then coated
with iso-butyramide grafts as non-covalent linkers, which
enabled a very high drug-loading capacity (more than 80 wt%)
of the anti-cancer drug doxorubicin. Finally, the MS@CNT
nanocomposite was fabricated by adsorption of human serum
albumin for the formation of a biocompatible interface and
drug gate-keeping function. Here, the iso-butyramide grafts
played an important role as a thermo-responsive interface that
released the loaded drugs from the surface upon photo-induced
local heat generated on the surface. Moreover, because of the
large surface area of CNT, the drug loading capacity reached
68% with a drug loading efficacy of 23%. Regarding the anti-
tumor activity, because of the near-infrared photothermal effect
induced by the developed MS@CNT nanocomposites, D2A1
cancer cells could be effectively killed. Furthermore, drug
delivery mediated by near-infrared light could efficiently kill
tumor cells through synergistic effects with additional
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anticancer effects. Especially, even when the MS@CNT nano-
composites were embedded within a hydrogel that mimicked
the extracellular matrix, they released the drug to D2A1 cancer
cells cultured on the hydrogel in response to near-infrared light.
Thus, CNTs, in particular, have been actively used in various
forms to fabricate drug delivery platforms because of their
numerous advantages over other carbon-based nanomaterials.
Recent studies have reported that by maximizing the properties
of CNTs, not only drug delivery but also gene delivery is
possible. For example, a MWCNT/Fe;0,-based nanocarrier was
developed for the delivery of drugs and genes simultaneously.®*
Doxorubicin and pCRISPR were loaded on the developed
MWCNT/Fe;0,4-based nanocarrier, and then, various cell lines
(MCF-7, HEK-293, and PC-12) and mice were treated with the
nanocarriers. The MWCNT/Fe;O,-based nanocarrier showed
antimicrobial activity, high delivery efficiency, and non-toxicity
both in vitro and in vivo. Moreover, there are also patents
pending on CNTs, including drug delivery by carbon nanotube
arrays (US application number: US13/224287) and method of
drug delivery by carbon nanotube-chitosan nanocomplexes (US
application number: US12/105884).

As such, the structural specificity and ease of modifying the
surface functional groups of the carbon-based nanocomposites
have led to active research on the delivery of not only drugs but
also various substances to the desired cells and tissues.
However, there are still several challenges that need to be
addressed to perform effective drug delivery. For example,
carbon-based nanocomposites can overcome the stability issues
that can lead to aggregation in biological fluids. This can be
addressed by inducing dispersive properties in aqueous solu-
tions through appropriate surface modifications.** In addition,
immune responses should also be considered if carbon-based
nanocomposite-based systems are applied directly to the
human body in the future. The body's immune system may
recognize carbon-based nanocomposites as foreign objects,
triggering an immune response. This can lead to the rapid
clearance of these particles from the body, reducing their
effectiveness in drug delivery. In addition, long-term effects of
nanocomposites injected into the human body must also be
studied. For these reasons, especially since the carbon-based
nanocomposites need to be present inside the human body
for drug delivery, it is still very difficult to implement. Moreover,
it is also not feasible to analyze the changes in physiological
signals in the human body, so there are no clinically approved
carbon-based nanocomposites-based drug delivery platform.
Nevertheless, carbon-based nanocomposites are expected to
make a significant contribution to the development of relevant
drug delivery systems in the future because of their excellent
properties related to the field of drug delivery.

5. Tissue engineering based on
carbon-based nanocomposites

In recent years, the unique physicochemical properties of
carbon nanomaterials make them promising candidates to
enhance various aspects of tissue engineering, from scaffold
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design and mechanical support to cell interaction and regen-
eration. Specifically, the biocompatibility and bioactivity of
carbon nanomaterials promote cell adhesion, proliferation, and
differentiation for application in tissue interaction and regen-
eration. Furthermore, carbon nanomaterials can be applied to
fabricate scaffolds because of their excellent electrical conduc-
tivity for electrophysiological signal transmission of muscle and
neural tissue as well as the control of cell fate. Using carbon
nanomaterial-based scaffolds, research has been actively con-
ducted to develop structures that can be adapted to the char-
acteristics of each tissue and apply them for transplantation. In
this section, the recent studies on carbon-based nano-
composites for tissue engineering are discussed.

The carbon nanomaterial-based nanocomposites have been
studied for the differentiation of cells due to their unique
structural and physiochemical properties. The functional
groups of carbon nanomaterial-based nanocomposites can
easily be combined with other biomaterials that can promote
cell differentiation, and this advantage was actively used to
control stem-cell differentiation. For example, polycaprolactone
(PCL) nanofibers with CNT were developed for modulation of
multiple cell interactions.*® The surfaces of the CNTs were
functionalized by acid treatment to combine CNTs on the PCL
nanofiber, and the negative charge of the functionalized CNT
reacted with the alkaline-modified PCL nanofiber. In addition,
PCL nanofibers with CNT induced the human mesenchymal
stem cells (hMSCs) differentiation to an osteogenic lineage
because the accelerated adhesion by the CNT mediated signal-
ling processes to determine the subsequent osteogenic differ-
entiation potential of hMSCs. In another study, a 3D printed
porous scaffold composed of alignhed MWCNT and nano-
hydroxyapatite (nHA) was developed to mimic the natural bone
tissue.*® The aligned MWCNT with nHA provided abundant
nucleation sites for cell proliferation and differentiation, and
the aligned MWCNT mimicked the highly aligned fibril
collagen.

These effects of MWCNT promoted osteogenic differentia-
tion because of the stiffer surface for modulating the mechano-
transduction pathway. In addition, 3D structures of vertically
aligned CNT (VA-CNT) have been developed to modulate neural
stem cell (NSCs) differentiation.®” For this, a VA-CNT 3D struc-
ture was prepared by gentle pilling-off of a Fe/Al,03/Si0,/Si
substrate (Fig. 5a). The structural stability and adaptability of
the VA-CNT induced direct differentiation of human neural
precursor cells. In addition, to optimize the impact of the 3D
structure of VA-CNT on neural differentiation, free-standing VA-
CNT forests and capillary-driven VA-CNT forests were devel-
oped. NSC differentiation was confirmed by the protein levels of
the neuritogenic markers PIII-tubulin, MAP2, and Gao. The
protein levels of BIII-tubulin, MAP2, and Gao were 1.8, 1.9, and
1.5 times higher in NSCs grown on capillary-driven VA-CNT
forests compared to those on free-standing VA-CNT forests,
respectively.

In addition to cell differentiation, carbon nanomaterial-
based nanocomposites have recently been applied to the field
of tissue regeneration. Carbon nanomaterials have excellent
mechanical strength and stiffness and can strengthen tissue
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scaffolds and provide structural support, especially in load-
bearing tissues such as the bone, tendon, and cartilage. For
example, a 3D high-porosity chitosan/honeycomb porous
carbon (HPC)/nHA scaffold was developed for enhanced bone
regeneration.?® The porous chitosan/HPC/nHA scaffold was
prepared by a vacuum freeze-drying method and exhibited
excellent porosity of 91.87 + 2.516%. The porous structure of
HPC provided a suitable site for bone-cell regeneration with
enhanced nutrient transport and angiogenesis, and the nHA
was uniformly dispersed on the surface of HPC. In addition,
mRNA expressions of the bone-related marker alkaline phos-
phatase (ALP), OPN, and VEGF were 4.1, 3.5, and 4.2 times

Table 2 Biomedical application of carbon-based nanocomposites

higher in chitosan/HPC/nHA scaffold compared to those on the
chitosan scaffold, respectively, after 2 weeks. By culturing
mouse bone marrow mesenchymal stem cells on the scaffold,
we verified that the scaffold promoted its growth and differen-
tiation through osteogenesis. In another study, iron-doped
carbon dots (Fe-CDs) were developed for efficient wound heal-
ing.*” Because of the excellent optical and catalytic properties of
CDs, they could be applied for antibacterial therapy. Antibac-
terial experiments with Fe-CDs indicated that the combination
of peroxidase (POD)-like activity and local heating of Fe-CDs
resulted in antibacterial rates of 99.85% and 99.68% against
E. coli and S. aureus, respectively. Furthermore, Fe-CDs

Nanomaterials Applications Ref.

Biosensor The carboxylated SWCNTs Electrochemical SARS-CoV-2 biosensor 52
The graphene sponge (GS) Electrochemical glucose biosensor 54
The graphene oxide (GO) Fluorescent RNAi biosensor 64
The carbon dot (CD) and GO Fluorescent organophosphate pesticide 68

biosensor

Drug delivery Chitosan/agarose/graphitic carbon nitride MCF?7 cancer cell treatment 79
Gelatin/carbon dot Antibacterial drug release 80
Silica nanoparticle/CNT-DNA HeLa cancer cell treatment 81
Mesoporous silica-modified CNT D2A1 cancer cell treatment 82

Tissue engineering VA-CNT Neural stem cell differentiation 87
rGO/GelMA Peripheral nerve regeneration 90
GT-PDA-PCNTs Skeletal muscle regeneration 92
HPU/CNT fiber Artificial muscle actuation 93
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exhibited photothermal effects upon NIR laser irradiation,
indicating bacterial death. Furthermore, the excellent electrical
conductivity of carbon nanomaterial-based nanocomposites
plays a significant role in neural growth and differentiation. For
example, multifunctional nerve guidance conduits (NGCs) were
developed using rGO/gelatin-methacrylate (GelMA) for the
regeneration of injured peripheral nerves.* The developed rGO/
GelMA was suitable for use as NGCs because it exhibits excellent
flexibility, electrical conductivity, and permeability. Hydrogels
synthesized using GelMA have been extensively utilized on
tissue engineering applications, with a particularly positive
impact on nerve regeneration. GO has been used in combina-
tion with GelMA to provide electrical conductivity to the
hydrogel and was further chemically reduced to rGO to increase
the electrical properties of the devleoped hydrogel (Fig. 5b). The
impedance values of rGO/GelMA indicated with 10 + 1 kQ, and
compared with other hydrogels, rGO/GelMA exhibited a signifi-
cantly lower resistivity value due to rGO. Furthermore, PC12
neuronal cells were cultured on the prepared hydrogel to
confirm neural growth and neurite outgrowth. The cell number
and mean neurite length of PC12 neuronal cells grown on rGO/
GelMA were 3.2 &= 0.6 x 104 cm 2 and 52 pm, respectively,
which were higher than those of GelMA and GO/GelMA, and
these results indicated that the rGO/GelMA supported neurite
growth. To evaluate the functional recovery of sciatic nerve,
electromyography (EMG) was performed on an animal model
after rGO/GelMA implantation. The rGO/GelMA group had
a significantly enhanced sciatic function index (—72.7 £+ 0.8)
compared to the other groups (GelMA and GO/GelMA), which
had a similar sciatic function index to the autograft (—67.7 +
0.9) group. These results indicated that the developed rGO/
GelMA has the potential to be applied to the regeneration of
electroactive tissue.

In addition to neural cell regeneration, artificial muscle
fibers developed using carbon nanomaterials have attracted
significant attention because of the excellent properties such as
good electrical conductivity and similar structure. The integra-
tion of muscle cells into carbon nanomaterial-based scaffolds is
an outstanding candidate to mimic muscle function. For
example, a carbon-based hierarchical scaffold was developed
for myoblast differentiation.”® To develop the hierarchical
scaffold using CNT, tailored carpet-like arrays of CNT were
grown on the micro-pore walls of foam. Because of the micro-
scale features and surface nanofunctionalization of the devel-
oped scaffold, the differentiation of mouse myoblasts was
promoted to multinucleated myotubes. In another study, a 3D
aligned conductive tubular cryogel scaffold was developed for
muscle-cell alignment.?® To prepare the 3D aligned conductive
tubular cryogel, polydopamine (PDA)-coated CNTs (PCNTs)
were mixed with gelatin (GT)-PDA-PCNTs, and scaffolds were
fabricated using unidirectional freeze casting technology. The
GT-PDA-PCNT cryogel scaffold mimicked the microenviron-
ment of native skeletal muscle cells, providing a suitable plat-
form for skeletal muscle tissue regeneration due to its aligned
microstructure and excellent conductivity (Fig. 5c). However,
most research on artificial muscle fibers has only used 2D
scaffolds to induce muscle cell differentiation, or they have
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been applied for muscle tissue regeneration. In other studies, to
overcome the challenges of the artificial muscle structure,
a carbon nanomaterial-based 3D structure was introduced to
muscle cells to induce contractive behaviors in response to
stimulation. For example, biohybrid artificial muscle was
developed using hydrophilic polyurethane (HPU)/CNT nano-
fibers.” To induce alignment of the C2C12 myoblast cells on the
developed nanofibers, HPU was fabricated using electro-
spinning methods and coated with CNTs to develop a strong
and flexible scaffold. In addition, the CNTs provided enhanced
electrical properties and mechanical structure stability to the
artificial muscle. The C2C12 myoblast cells seeded on the
planner shaped HPU/CNT nanofiber were rolled into a natural
fiber shape, and the C2C12 myoblast cells were induced to
undergo further proliferation and differentiation (Fig. 5d). The
biohybrid artificial muscle exhibited the maximum contractile
activity with ~2.73 £ 0.27 pm by the developed HPU/CNT
nanofiber scaffolds. Similar to CNTs, GO and rGO have
recently been used to develop artificial muscles. Three types of
hybrid hydrogels were prepared by mixing CNTs, GO, and rGO
in GelMA were developed, and the differentiation degree and
action potential of muscle cells according to the mixed carbon
nanomaterials were confirmed.®* Because of the properties of
carbon nanomaterial such as superior mechanical properties,
pore size, and roughness, the muscle cell seeded onto the
different hybrid hydrogel exhibited enhanced cell morphology,
maturation, and functionality. The electrically conductive
hybrid hydrogel acted as an electrical nanobridge between
cardiomyocytes, increasing the expression levels of cardiac
markers. Furthermore, as confirmed by the duration and action
potential morphology, cardiomyocytes seeded on CNT-GelMA
and GO-GelMA were more similar to ventricular and atrial car-
diomyocytes, respectively, while those seeded on rGO-GelMA
showed intermediate characteristics between ventricular and
atrial phenotypes. Besides, several studies have been applied to
patent for the techniques of tissue engineering recently such as
carbon nanotube and graphene patches and implants for bio-
logical tissue (WIPO (PCT) application number:
WO00214143925A1) and preparation method of biological
conductive nanofiber tissue engineering scaffold (CN applica-
tion number: CN111686307A). As discussed in this section,
carbon nanomaterials are being used to apply tissue engi-
neering for cell differentiation, regeneration, and implanta-
tion.”** In particular, the structural stability and easy
functionalization of carbon nanomaterials enable their use in
the regeneration of hard tissues such as bone and tendon, and
their excellent electrical conductivity could be actively employed
in the future for electrophysiological signaling of nerve and
muscle cells and tissue regeneration.

6. Conclusions and future
perspective

Carbon nanomaterial-based nanocomposites are receiving
considerable attention because of their excellent electrical
properties, structural stability, and biocompatibility.”” While
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various types of carbon nanomaterials are being researched for
biomedical applications such as biosensors, drug delivery, and
tissue engineering, there still remain several challenges that
need to be considered.”® For example, pristine carbon nano-
materials such as MWCNTs have low biocompatibility, which
can induce cytotoxic effects on cells, and the difficulty of
uniform synthesis of nanomaterial results in low binding
affinity, which limits their effectiveness in targeted applica-
tions. Furthermore, carbon-based nanocomposites are difficult
to develop the marketed products for clinical trials due to the
non-uniform structure and functions. Therefore, recent patents
and products using carbon nanomaterials are mostly focused
on biosensors. To address these disadvantages, various types of
nanomaterials and biomolecules are being combined with
carbon nanomaterials for development of nanobiohybrid
nanomaterials. In addition, the introduction of other materials
such as polymers, metal nanomaterials, and TMD can enhance
the properties of carbon nanomaterials to realize biological
applications with improved structures and excellent
function.®%

This review highlights the recent research on carbon-based
nanocomposites for biomedical application. First, the struc-
tures and characteristics of carbon nanomaterials and carbon-
based nanocomposites combined with metal nanomaterials,
polymers, and TMDs were discussed. Subsequently, the bio-
logical applications of carbon-based nanocomposites were dis-
cussed based on biosensors, drug delivery, and tissue
engineering. The biological application based on carbon-based
nanocomposites discussed in this review are summarized in
Table 2. In addition to the subjects discussed here, carbon-
based nanocomposites are being researched for other biolog-
ical applications. For example, a 3D nanobiohybrid hydrogel
composed of motor neuron spheroid and carboxylated CNT
(CNT-COOH) was developed for a biosensing system for drug
evaluation of amyotrophic lateral sclerosis (ALS).'*> The CNT
induced the neural differentiation, and enhanced neurite
length in hydrogel. The developed 3D nanobiohybrid was con-
nected with muscle cells for neuromuscular junction (NMJ),
and muscle bundle contraction was enhanced by neurotrans-
mitter treatment. Another study reported CNT-GelMA hydrogel
for the development of a biohybrid robot.'***** As the muscle
cells on the surface of the CNT-GelMA hydrogel differentiate,
contractile motion is generated, and the developed biohybrid
robot indicated forward motion. In addition, it is expected that
in the future, carbon nanomaterials will be applied to various
scientific fields beyond biological applications. For example,
carbon nanomaterial can be used to develop the soft robotics
and actuator.’®'%” Graphene is a single layer of carbon atoms
arranged in a hexagonal lattice, giving it exceptional strength,
electrical conductivity, and flexibility. Graphene-based actua-
tors often utilize graphene's excellent electrical conductivity
and piezoelectric effect. These applications using the carbon
nanomaterials can be used for analysis of the external stimu-
lation (light, electric, and humidity), detection of chemical such
as NO or H, and soft robotics for human like motion. In
conclusion, this review discussed the recent advances in
carbon-based nanocomposites and their applications in
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biosensor, drug delivery, and tissue engineering. This achieve-
ment is expected to be a breakthrough in providing an inno-
vative and perceptive approach to the development of next-
generation biological application and biohybrid robotic
systems.
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